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SUIvflvIARY 


Tests  v-ere    conducted  with  two  typical   lov;-dra^   air- 
foils   of   90-inch   chord  to  determine   the   effects   of   siirface 
projections,    grooves,    and   sanding   scratches   on  boundary- 
layer   transition.      Tlxe  Re;molds   number   at   which   a   spanv.ise 
row   of   cylindrical  projections  would   cause   premature 
transition  v;as  determined  for   a  range    of  Reynolds   n^amber 

froin  approximately  5    x   10     to   10   x  10    .      Data  i/v-ere 
obtained  for   projections   of   various    sizes   and  chord'vlse 
locations   on  bothi   lov;-drag  airfoils.      The   results  v/ere 
analyzed   on  the   assumption  that   the    critical  airfoil 
Reynolds   nuiriber    for   a   riven  projection  v;as   a  funcbion 
only  of   the    local-flow   conditions   around  the   projection. 
This   assuinption  neglected  possible   efiects    of   tunnel  tur- 
btilence,    prcssvu'e   gradient,   boundary- layer  Reynolds 
number,    and  the    original  extent    of   the    laiainar   flew.      The 
data   correlated   on  the   basis   of   thi.^    assuiuption  v/ithin  a 

range    of   critical  airfoil  Re^-nolds   number    of  ±0,^    x   10° 
and  within  a  range    of  projection  height    of  ±C.0Q2    inch. 
The   tests   Of    surface   grooves   and   sanding   scratches    indi- 
cated that^    for   the   range   of  Re-iiolds   number    Investigated, 
the    laminar  boundary  layer  v>;as  niich   less    sensitive   to 
surface    grooves   and   sanding   scratches   than  to  projections 
above   the    surface. 


IMTRODUCTIOiN" 


rrrV, 


The   developr.jent    of  the    NACA   low-drag   airfoils  has 
aroused   a  great   deal   of   interest    in  the   problem   of  deter- 
mining the   amount    of   surface   roughness   necessary  to   cause 
prematiJTS  boundary- layer   transition  from   laminar   to   tur- 
bulent  flow.      A  considerable   amount    of  data  has  been 
published   (references   1   9n:?   -5;    p<^rtalning  to  the   effects 
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en  airfoil   characteriatics    of   the   application  of   carbo- 
rundun:'   grains   to   airfoil    surfaces.      Little   data  have   been 
published,   hov»ever,    concerning;  the  Reynolds   number   at 
which   sLirface   projecti.ons   of  a   given   size    and   chordv/ise 
location  v/o'uld   cause   premature    transition.      Pa^e  has   con- 
ducted tests   to   determine   the    allowable    size    of   three 
forms    of   surface   ridge    -   flat,    arch,    and  v;lre    -   located 
at    various   positions    on   low-drar;   airfoils    (references    5 
and  i|)    and   later   extended  the   work  to   include    the    effect 
of    sm.ooth  bulges    and  hollows    (reference    5)*      Tani,   Hama, 
and  Mituisi    (reference    6)   have    investigated  the   effect    of 
spanwise   v/ires    on  premature   transition. 

The   purpose    of   the   present    Investigation  v;as   to 
determ.ine   the   Reynolds   nixraber   at   v^hlch   surface   projections 
of   a  given  tyj^e  but    of   various   sizes    and   chordwise    loca- 
tions  v/ould   cause   premature    transition  and,    if  possible, 
to  establish   a  general  relation  between  the   projection 
sise   and   critical  Reynolds   nijxnber .      An  attempt   was   also 
made   to   determiine   the   effects   of    sanding   scratches    and 
imperfect    sheet-m.etal  btitt    joints. 

The    tests   of  this    investigation  were    conducted   in 
the   Langley  two-dimensional   low-tm-^bvilence   tunnel.      Tv;o 
typical    lov/-drag   airfoils  were    tested   and  data  were 
obtained  for    various   comibinatlons    of   projection  size    and 
chordwise    location  thj:'ough   a  ran-^e    of  Reynolds   number 

from  approxim.ately  3    ^   10°  to   10   x   10    .      Data  were    also 
obtained  with   the    airfoil   sm'facss   finished  v/ith  various 
grades   of   sandpaper    and   carborundxam  paper.      The    im^perfect 
sheet-metal  butt    joints  were    sim.ulated  by  grooves   cut 
into   the    surface.      Tests  were   made   v;ith   spanwise   grooves 
of  various   sizes    ?aid   chordv;ise    locations. 

Although   the   projections   tested   simulated  no  definite 
t^jpe    of  roughness,    the   results    of  this    investigation 
should  prove   useful   as    an   indication  of  the    order    of  miag- 
nltude    of   the    individual   specks   that  may  be   tolerated   on 
a   low-drag  airfoil   of  given  chord  and  pressure   distri- 
bution.     The   Reynolds    members    of   these   tests  were    low 
compared  with   usual  flight    values;   however,    application 
of   the    analysis   to   the   prediction  of   allowable   projection 
sizes    at  higher   Reynolds   numbers   appears  reasonable,    par- 
ticularly for   projections   on  the   forvmrd  part   of  the 
airfoil. 
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air-foil    ssction  drag    coefTicient 
y  distance   normal  to   surface    of   low-drag   airfoil 

^^  bou.ndary- layer   tliicicness ,    definod   as    that    distance 

/u  \2        1 

nornal   to   the    surface    at   which     (7)     -  '"■ 

k  height    of  projection 

d  diameter    of   projection 

c  chord   of   low-drag   airl'oil 

x  distance    froa   airfoil    leading   edge  ineas"ared  along 

chord   line 

s  distance   from  airfoil   leading   edge  measured  along 

surface 

IJq        free-streain  velocity 

IT  local   veloci.ty    just    outside   boundary    layer 

u  local  volocitj'-   inside   boundary  layer 

u;|..        local  velocity  inside    ooi;ndoi.ry  layer   at    too   of   a 
projection 

q^  free -stream  dynamic   pressure 

P  local   static    pr-'s3UJ?e 

H  local  total   pressure    just    outside  boundary  layer 

Hq  free-strean  total  pressure 

h  local  total   press-'ore    inside  boundary  layer 

S  press-.ire    coefficient     (  — ; 

V   ^io  ; 

i;     coefficient  of  kinematic  viscosity 
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R          airfoil  Re^-iiolds   n-ai-noer*;    based   on  chord   of   low-drag 
airfoil   and  fres-stroa.ri  velocity     I j 

R'  Reynolds  number  per  unit  length;  based  on  velocity 
j  u  s  t    out  s  i  d  e   b  ound  ar  y   1  a  ye  r       (—) 

R;^,  boundary-layer  Reynolds  niamber;  based  on  boundary- 
layer  thickness  and  I'^cal  velocity  just  outside 
boundary  layer      (R'6) 

Rt.^        projection  Reynolds   number:    based   on  height    of  pro- 
jection and   velocity   in  boundary   layer   at   top   of 


pro 


J  e  c  L 1  on     1 I 


R  Reynolds  number  basod  on  distance   x   and  local 

velocity  just  outside  boundary  layer  at 
position  X    (R'x) 

T    boundary- layer  transition  parameter  f  ■'^-^ —  ] 

A    constant  for  an*?"  chordwise  location  of 

'    ,^    \Z/3 

projection     i 


Subs.';ript  ; 


ci'        indicates   conditions    just   before    transition  from 
laminar   to   turbulent   flcv;. 


TEST   I-ETIIODS 

Models .-   The   tests  v.-ere   conducted   in  the   Langley 
two-dimensional   lov;-t\irbulence   tunnel.      The   test    section 
of   this   tn.nnel  measures   5  ^7  ?•?   feet    and  v/hen  mounted 
the   models   corripletely  spanned  the    J-foot   dinension. 

Tests   -were    conducted  with   tv/o    cypical    laiTiinar-f low 
airfoils  which  hereinafter   will  be   referred  to   as    low- 
drag   airfoil    1   and    lovz-drag   airfoil   2.       On  both   airfoils 
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the   position  of  riinim"'.un  pressure  was    at    0.7c;   ho^-vever , 
the   pressiore   gradient   v/as  more   favorable    on   lovz-drag  air- 
foil  1  than  on.  low-drag  airfoil  2.      Low-drag   airfoil   1 
was   cpunbered  for   an  ideal    lift    coefficient    of   0.2  vvlth  a 
mean  line    of  the   type      a   =   0.7;    lov/-drag  airfoil  2   was   a 
s-,-7nmetrical   section.      Experimental  pressure   distributions 
are   presented  for   the   tv;o   airfoils   at   the   given  test    con- 
ditions   in  figures    1   and  2.      The  models   were   constructed 
of  wood   and  v;ere   painted   and   sanded   to  have    aerodynarnl- 
cally  smooth  finishes.      Each  r.odol  had  a   chord   of 
90   inches. 

Tests . -   The   projections  were    cylindrical   and   con- 
sisted  of  headless   nails   driven  perpendicular    into  the 
surface  until  the   desired  height   was   attained.      The   pro- 
jection heights  v^ere   determined  with  an  Ames   dial  gage. 
Tests  vrere   perforraed  v/ith   one    spanwisa  row   of  projections 
of   constant    size    located  at   the   desired   chordwise    station 
on  the   upper    s'jrface    of  the   airfoil;    the    spanwise    spacing 
was   3    inches    in  all  tests.      Projections   of   0.035-inch 
diameter   and  various  heights  were   employed   in   the   tests; 
check  tests  were    conducted  with  projections   of   0.015-inch 
diameter.      Tae   various   combinations    of  projection  size 
and  chordwise    location  tested  with   low-drag   airfoils   1 
and  2   are   pi-esented   in  table    I.      Drag  data  were    obtained 
for   airfoil  Reynolds   numbers   varying  from  approxi- 
mately 5    X   10°  to   10   X   10^  for   the    airfoils  with   smooth 
siu?faces   and  with  each   conoiuation  of   projection  size 
and   location.      The   drag  measurements   were   mads   at   a 
single    spanv;ise    location  by  the  •.vake- survey  raethod,    a 
complete   description  of  which   appears    in  reference    1. 
For   each  projection  combination,    the   p.ej-nolds   nuir.ber   at 
which  the   drag   coefficient    showed  a  definite    i^icrease 
over   that    of  the    smooth   airfoil  was   considered  to  be   the 
critical  Reynolds   number.      The   drag  data  were    often  incon- 
clusive,   particiilarly  when  the   projections  were    located 
at    large   distances  behind  the    leading  edge.      In  these 
instances   the  boundary-layer   transition  parameter    (refer- 
ence  7)   was   determined  from  measi.u?enients    of  the   -/elccity 
profile    in  the  boi;ndary  layer.      These   measurements  were 
made  with   a  rach   of   total-pressm^e   tubes    (reference   7) 
located  2    Inches  behind  the   projections.      The  Rejaiolds 
nuriiber   at   which  the   boundary- layor    transition  parameter 
showed  a  definite    increase   vjas   considered  the    critical 
value.      The   drag   of  the   airfoil  without   projections  v;as 
deterrdned   at   frequent    intervals   to   insur-e   that   all   drag 
increments  were   caused  by  the   projections   and  not    some 
other    surface    imperfection. 

COWIDEmHAL 
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Imperfect    sheet-rr.etal  butt    joints  were    simulated  by 
/rrooves   of    several   sizes    cut    into  the    surface    of   low-drag 
airfoil   1.      The    various   combinations    of  groove    size   and 
configuration  that   were   tested   are   presented   in  table    II. 
Grooves    of  X-plan  form  are    illustrated   in  figure    'j .      The 
procediore   followed   in  performing   the    tests   of   the    airfoil 
with  grooves   was   the    same    as   that   for   the    airfoils   vv-ith 
projections . 

The   various    grades    of   sandpaper    and   carborundum 
paper   used  for   determining   the   effects   of   sanding   scratches 
on  transition  are    indicated   in  table    III.      Not    only  were 
various   grades   of   abrasive   used  to  determine   the   effects 
of   sanding  but   the   direction  of   sanding  relative   to  the 
air    streara    .vas   also  varied.      Enlarged  photographs    of   sur- 
face   areas    sanded  with   circular   and   cross-hatched   strokes 
are    shown  in  figiu-^e   I4..      The  method  for   applying   the  rough- 
ness  is    shown  in  figure   5'      "^^.e   roughness   area  was   pro- 
gressively increased  from   a   strip   from  0.7c   to   0,5c    to 
include    the    part    of  the    airfoil  iDetween  0.7c   and  the 
leading   edge.      Drag  data  v/ere    taken  through  the   range    of 
Reynolds   number   after   each   area  v/as   sanded. 


RESITLTS 


Projections .  -   The-   results    of   the    investigation   of 
the   effects    of   sui'face    projections    on  transition  are   pre- 
sented  in  figures    6   to   10.      The    variation   of   section  drag 
coefficient   with    airfoil  Reynolds   nimiber   for   the   two   lov;- 
drag  airfoils   with   smooth    surfaces    is   given  In  figvire    6. 
The    increase    in  drag    coefficient   i'or    lov;-drag   airfoil  2 
at   the  higher   airfoil  Reynolds   nurabers    is   believed   to 
have  been  caused  by  the    increase    In  air-stream  tiorbulence 
virith  Reynolds   number.      The   drag   of   lovv^-drag  airfoil   1  was 
not   affected  by  the    increasing  air-stream  t"j2''bulence 
because    of  the  more   favorable   pressiire   gradient    of  this 
airfoil.      The  results    of   the   analysis   given   later    In  the 
discussion  appear    to   indicate   that    the   turbulence    of  the 
air    stream  had   only  a   secondary  effect    on  the   Reynolds 
niimber   at   which  the   projections    caused  premature 
transition. 

The    Increments    of  drag   induced  by  projections    of 
various   sizes   and  chordwise    locations   are   plotted   against 
airfoil  Reynolds   number    in  figures   7   and   8.      The  boundary- 
layer   transition  parameter    (reference   7)    is   plotted   as   a 
function  of   airfoil  Reynolds   number    in  figiores    9   and   10. 

COfJF'IDEKTIAL 


FAGA  AGR  No.    L5J29a        CO:^IEeNTiAL  7 

Surf  ace_  groove  3   end   s  r.ndi  n."   s  cr  at  che  3  .  -   The  results 
of   the    investigation  cf   the   effects    of   s-;jj.'face   {-i-ooves 
and   sandinr-   scratches    on   ti-ansi-cion  together  with   the 
test    conditions   at   which  the   results   were    obtained   are 
presented   in  tables   II    and   III,    respectively. 

DI30';^SSI0^I  AND  AFALYSIS 


Projections . -   As  has    already   been   indicated,    the 
airfoil  Ro^niolds   nuinher   at   which  either   the   drag   increirjent 
or  houndary-layer    transition  parameter    shov/s   a  definite 
increase    is   considered  to  be   t]ie    critical  Reynolds   nujnber 
at   which  premature   transition   occurs.      The    accuracy  with 
which   an   increase    in  either    of   these   parameters   estab- 
lishes  the   critical  Rejmolds   nuraber    is   Indicated   in  fig- 
ures  7Cc)    to  7'f/'      Several  values   of  the    critical 
Rejmolds   number   were    obtaliied  with  each   sir.e    of  projection 
at    0.20c    on  low-drag   airfoil   1.      The   values   of   the 
critical  Reynolds   nuirxber    obtained  vvith  each   configuration 

generally  agree  within  1    x   10"^.      Although  better   agrecraent 
Kilght  be    considered  desirable,    the  results   presented  are 
thought   to  give    a   good   indication  of   the    order    of  magni- 
tude   of   the   Reynolds   number   at  v;hich  premature    transition 
may  be   expected  with  projections   oi'   a  given  siae   and 
location. 

Tbe    general  effects    of   projection  sise   and   location 
on  transition  are    Indicated  by   the   e:cperl:nental   curves. 
As  might  be   expected,    the    critical   airfoil  Reynolds   nxiinber 
at    a   specified  chord—ise    sr-c'tion  decreases  v»lth   Inci'easing 
projection  height    and  diameter.      As   projections   of   a  given 
size   are  moved   toward   the    leading  edge,    the    critical 
Reynolds   nuj^ber   decrt;8ses   until  the   projections   aliuost 
reach  the    stagnation  point    and  then  begins   to   increase. 
The    lower    critical  Reynolds   numbers   for   projections    of 
given  height    at    O.bSc    as   compared  with   those   for   projec- 
tions   of  the    same  height    at    0,50c    (figs.    7   and  9)   may  be 
due   to   the    combined  effects   of   a   zero   or    slightly  unfa- 
vorable  pressure    gradient    and    larger    values    of   the 
boundary- layer  Reynolds   number.      The   results   obtained 
Vifith  projections   near   the    stagnation  point    ai^e   explained 
by  the    low   velocity   over   the    s-urface    and  the    steep 
velocity   e;radlent    at    the    stagnation  point.      The    increase 
in  critical  Reynolds   number   as   projections   are   placed 
near   the    stagnation  point    should  not,   hov;ever,   be   taken 

CCi'IFIDEJJTIAL 


Digitized  by  tine  Internet  Arclnive 

in  2011  witln  funding  from 

University  of  Florida,  George  A.  Smathers  Libraries  with  support  from  LYRASIS  and  the  Sloan  Foundation 


http://www.archive.org/details/effectsofspecifiOOIang 


IIACA  ACR  j)^o.    L5J29a        CO-^:FTDEOTIAL 


span'.vise   rov;   across    the    al:^foil   did   not  have    exactly  the 
same  height   and   shape   and   therefore   the    same    critical 
Reynolds    n-'jmher .      In  any  case,    the    sharp  rise    in  drag 
seems   characteristic   of  the   pro.jectiong   tested. 

An   atteript   v/as   made    to   correlate    the    critical   airfoil 
Re-;molds   n^imbers   at  v«iich   the   projections    caused  prema- 
ture  transition  with   local-flow   conditions   around  the 
projection   (reference    10).      In   such  an  analysis    of   the 
results,    certain  variables   are   neglected,    such  as   tunnel 
tiirbulence,    pressure   gradient,   boundary- layer  Reynolds 
niunber,    and  the    original  e:ctent    of   laninar   flow,    except 
insofar   as   these   variables   affect    local- flo\;  conditions. 

Similarity  of   local-flow  conditions   about   projections 
in   similar   fields   cf  flov;   is   obtained  if   the   projections 
are   georuetrlcally   tircilar    and    if   the   Reynolds    number    of 
the   flov;   about   the   projections    is   the   same.      In  the   fol- 
lowing  analysis,    the   projections   are   taken  to  be   suffi- 
ciently small  to  naks      6u/6y     in  the   absence    of  the   pro- 
jection essentially  constant   from  the    suxface   to  a  height 
equal  to  the  height   of   the    projection.      Cylindrical  pro- 
jections  are   geometrically   similar    if   their   I'ineness 
ratios     d/k      are   the    same.      For   each   vtilue    of     d/x     the 
local-flow  pattern   is   therefore    completely  determined  by 
the  Re^/nolds   n^jmber    of   the    flow  about   the   projection. 
The  RG7.rnolds   n\amber    of   tlie    flov/  about   the   projection     liy^ 

v;as   taken  to  be     "t^.      The    critical  projection  Reynolds 

nijiriiber     Ri,  was   calculated  from  the   experimental  data 

"^cr 
corresponding   to  the    critical   airfoil  Reynolds   niu.iber   as 
Indicated   o-j  the    curves    of   figures   7   to   10.      The  Blasius 
relation  for      6u/6y     expressed   in  terms    of  the  boundary- 
layer   thickness  was   employed  for   calculating     u,  .      The 

variation  of   the   boundary-layer   thickness   v/ith   chordwise 

position  at   Reynolds   numbers    of   5    x   lO'^   and   9    x   10^   is 
given  in  flg-ure    11  for    low-drag   airfoils    1  and  2.      The 
boundary-layer    thicknesses  v;ere    calculated  by  means    of 
equation   (31)    of  appendix  3.      The   final  equation  for   the 
critical   projection  Re^molds    nijmber    is   as    follows: 


Ri,        =    O.Toiif-r^)      R5  (1) 


-cr  V^cr/         "cr 

CONPIDENTL^.L 
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The   derivation  of  e:iuation   (1)    is   given   in  appendix  A 
and   the  method   of  reducing  the   experimental  data   to 
obtain     Rv  is    outlined    in  appendix  B. 

Values   of     -.fRZ  are   plotted   against    the    corre- 

V    ^cr 
sponding  values    of   the   projection  fineness   ratio     d/Vz     in 

figure    12.      In  this   fifupe     >/Rv'         was   used  as   a   variable 

V    Icr 
rather   than     Rv  because    > /TT v  is   directly  propor- 

"^cr  V    --^cr 

tional  to  the   critical  projection  height. 

The    considerable    scatter    of   the   points    shown  in 
figure    12   appears   to  be   unsystematic.      The    scatter  may 
have  been  caused  primarily  either  by  the   neglect    of    some 
of   the   variables   previously  mentioned   ov  by  experimental 
inaccuracies    in  determining  the    critical   airfoil  Reynolds 
number   for   a  given  projection.      Check  tests    of   the 
critical  Reynolds   number  have  been  shown  to  differ  by 
approximately   1    x   10    .      In  order   to   indicate   the   practical 
significance    of   the    scatter    of   the   data   shown   in  figure    12, 
curves    of  projection  lieight    against    critical  airfoil 
Reynolds   mimber  have  been   calculated  from  the   faired  curve 
of   figure    12  by  means    of   the   relation  presented   in 
appendix   C.      The    comparison  of   the   experimental  points 
with  the    calculated   curves    (figs.    15   and   llj.)    shows    that 
virtually  all  the   experimental  points    of   the    critical 
Reynolds   number   can  be   made   to  agree   wibh  the    calculated 

curves  by  shifting   the    points   not   more   than  O.5    x   10      on 
the  Reynolds   number    scale    and  not  more   than  0.002    inch 
on  the  height    scale.      The   resiilts   therefore    indicate   that, 
with  the   exception  of   the   points   obtained   for   projections 
close   to  the    stagnation  point,    the   effects   of   small  pro- 
jections   on  transition  can  be    correlated  v/ith   local-flow 
conditions  within  the    limits   of   experimental   error    in 
this    investie-ation. 


The   data  from  v;hich     v/Rv  was   correlated  with     d/k 

V    ^cr  / 

were   taken  at   Re-^nolds   nuiribers   from  approxiniately  3    ^   10 
/■ 

to   10   X  10*^.      It    is  reasonable   to  believe,   however,    that 
the   correlation  would  be   valid  at  higher  Reynolds   numbers. 
A   consideration  of  the   parameters   describing   the  boundary 
layer    indicates   that   conditions   near   the    leading  edge   at 
high  Reynolds   nximbers   are    equivalent   to  conditions   farther 
back   at    low  Re7,aiolds   numbers.      The   analysis   presented   is 
then  particularly  applicable   when  small   values    of     x/c 
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are   considered  v;ith  relation  to  high  Reynolds   nijnbers. 
Inasmuch   as   all   tests  were  riade  v;ith   one    spanwise  rov;   of 
cylindrical  projections,    the   critical  Reynolds   number  may 
be   sorp.evi'hat    optimistic   for   projections    likely  to   cccvu^    in 
practice  because    of   variations    in  the   shape   of   the    pro- 
jections  from  the   type    investigated   and  possible   combined 
effects    of  a  n-orater    of  projections   at   various   chord";vise 
locations.      It    should  also  be   noted   that    the   analysis  was 
based   on  data   in  which  the  height    of   the   projection  was 
small   compared  to  the  boundary- layer    thickness   and   can  be 
expected  to  apDly  only  when  this   condition  is   fulfilled. 

Page  has   presented  the  results    of   experiments    con- 
ducted for   the   purpose   of  determinin-   a  criterion  for   the 
critical  hei{];ht    of  either   a   single   arch   or   a  flat  rid^e 
located   in  a   spanwise   direction  at    various   chordwise 
positions   on  a   lov;-drag   airfoil   (reference   3)    and  a  flat 
plate    (reference  1+) .      The    criterion  as  determined  from 
the    airfoil   tests  was   presented   in  the   form  of   a   corre- 
lation of     Rv  with     k/c,      where      c      is   the   airfoil 

^'cr 
chord  and     k     the  ridre  helgh.t.      The   values    of     Ri- 

^"cr 
determined  from  the   flat-plate   tests  vvere    correlated 
with     k/L,      where      L      is    the    original   len^^^th   of   laminar 
flow.      Although   the   drag  data  pi-esented   in  reference   5 
show  that   the    critical  Reynolds   number    is    somewhat 
dependent  upon  the   design  lengtii   of   laminar   flow,    the 

values    of    \/Rv  determined  from  these   two   investlrations 

were   plotted   in  figure    I5    as   a  function  of     d/k,      where      dj 
in  this   case,   was   taV:cn  to  be   the   ridge  width.      The 
parameter     d/k      is   similar   to  the  projection  fineness 
ratio   in  that    it   describes   the   form  or   geometry  of   the 

boundary- layer  disturbance.      The   values    of    ^/rZ 

V    '^cr 
obtained  from  tests   made    vvith  projections   and  ridges   are 
not   strictly  comparable,    since   ridges  represent   a  two- 
dimensional  disturbance    and  projections   are   three- 
dimensional.      Values   of        Rv  obtained  from  the    inves- 
tor 
tigatlon  of   three-dlm.enslonal  projections   are,   however, 

also   included   in  figure    I5   and   show   the    similarity  betv;een 
the   results    obtained  with  the    two  distinctive   types   of 

disturbance.      Although   the   values   of     UR]^  obtained 

with  the    tv/o   t3rpes    of  disturbance   do  not    form  a  con- 
tinuous  curve,    they  are    of   the    same    order    of  magnitude. 


CCIvTIDENTIAL 


12  CONPIDEIITIAL        haGA  ACR   No.    L5J29a 

In   order   to   check  Page's  reculta,    a   strip   of   "Scotch" 
celliilose    tape    slraulating   a   spanv;.lse  i'idge   was   applied   to 
loviZ-drag  airfoil   1.      Tvjo   thicknesses   were   employed   and 
the  results,   which   are   plotted   in  figure    15,    are    In  fair 
agreement  vith  'Cage's  results.      Page   also  made   tests  v;ith 
a   spanwise  wire    located  at   various   chordwise   positions 
(reference    3)«     Vaires    of   three   diameters  were   tested*    the 
value    of     d/l      ^i-'-.s,    of   course,    1    In  all   cases.      The    values 

of     ./Rv  obtained  were    IJ-l,    1^»~'»    and   0.0.      Tani,   Ilaina, 

V  -'cr 

and  Mitulsl  (reference  6)  conducted  slrillar  tests  with 
wires  located  on  an  airfoil  and  a  flat  plate.   The  values 

of  ,/r7^    were  I3  for  a  flat  plate  and  IS  for  an  airfoil. 

V  ^-cr 

Surface   grooves    and   sanding   scratches  .  -   Th  e  2^  e  s  u  1 1 3 

of   the    investigation  of   the   effects    of   surface   grooves 
and   sanding   scratches    indic§.te   that   within  the  range    of 
Reynolds   nunher   frcra  5    x   10-^  to   10   x  IQO,    at  v-hlch   these 
tests   were    condiicted,    the   bouiidary  layer    is   relatively 
insensitive    to   surface    scratches.      Only  deep  X-plan-form 
grooves    located   near    the    leading  edge    caused  premature 
transition   (table    U).      '^o  definite    indications    of   pre- 
matui^e   transition  v;ere   noticed  with   any  of   the   types    of 
sanded   surface.      The   drag  vifas    somev/hat  high  vdien  the 

siu'-face  was   finished  with   Ho.    1^  sandpaper,   but   there 

was   no  definite   break   in  the   drag   curve.      It    is    thought 
that   at   higher  Re^molds   numbers   than  those    at   which   the 
tests  were  made   the    tyi:)e    of   sanded  surface  would  show  a 
more   definite   effect   upon  transition.      A   comparison   of 
the   results    obtained  v/ith  various    types    of    surface    imper- 
fections   indicates    clearly  that,   within  a   given  z-ange    of 
Reynolds   n^'oraber,    the    laminar  boundary   layer   is   much  more 
sensitive   to   surface   projections   than  to   indentations   in 
the    surface , 


CONCLTJSIOITS 

Prom  tests    conducted  with  two   typical    low-drag   air- 
foils   of  9^-inch   chord   to  determine    the   effects    of   surface 
projections,    grooves,    and   sanding   scratches    on  boundary- 
layer   transition,    the   following   conclusions  v/ere  reached: 

1.    The   Reynolds   number   at   which   one   row   of   spanwlse 
projections    causes   premature   traxisition  is   primarily  a 
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function  of   the   projection  geometry  and   the  Reynolds 
niiinh'^r  based   on  the   height    of   the    projection  and   the 
velocity  at   the   top   of  the   projection,    provided  the 
height   of   the   projection   is   small   conpared  v/ith   the 
houndary-layer   thickness . 

2.    The    la^ninar   boundary   layer    is   more    sensitive    to 
surface    projections    than   to   surface    ^^oovea    or    sanding 
scratches , 


Langley  Memorial  Aeronautical   Laboratory 

National  Advisory  Committee   for   aeronautics 
Langley  Field,    7a. 
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APPEroiX  A 
DERIVATIOI\T   OP      Rk         =    0.'jGn.(~-\      Ra 


The   parameter     R|^     may  be    thought    of   as   a  Reynolds 

nurtfoer  "based   on  the   projection  height    and  the  boundary- 
layer   velocity  at   the    top   of  the   projection;    that    Is, 


Rk  =  — 


ulc 


For  small  values  of   y,   the  velocit'^  u  In  the  laminar 
boundary  layer  may  be  expressed  as  a  linear  function 
of   y  by 

du 

then 

_  ,  du 

Ui.  =  ii-T— 

^^    dy 


so  that 


1  2  , 
-^k  "  u  dy 


In  order  that   R^^  may  be  more  easily  calculated, 
the  Dlasius  relation  (reference  11)  for  the  slope  of  the 

laminar  boundary-layer  velocity  profile  is  introduced 

|ii  =   0.532?  ^'r^  (A2) 

The  substitution  of  equation  (A2)  into  the  expression  for 
the  projection  Reynolds  niimber  gives 

R,^  =  k^o.352^  V  ^^5) 
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The   Blasius   expression   (reference    11)    for   the   boundary- 
layer   thickness,   which   Is   defined  as   the   distance   normal 

to  the  v;lng   s-urface   at   v/hlch     —  =   O.707,    is 

6   =   ^^ 


P 


Since    in  equation   (AJ) 


v/S 


_  X   _  2_^ 
X  5 

equation   (A3)   ^a"  he  v/ritten  as 


but 


therefore 


-°  =  H' 


P.;,  =  o.761t!^-r,' 


if   the   nuBiGrator   and  denominator   are   multiplied  by      5 

.2 


R^  =    0.761i(|)  Rg  (aI^) 


If      6      is   tal:en  as   the  boundary-layer   thlclcncss    just 
before   transition  from  laminar   to  turbulent   flc.v,    then 
Rg      is   the   critical  boundary- layer  Re-.xrnolds   number   and 

equation    (a1+)   may  be   written  as   follows". 

2 


o,        =  0.76!,^^-')    R5...  (A5) 


"cr  1^0^^ ;       °cr 
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APPEiroiX   3 


DETERMINATION   OP      Rv  FROU  EXPSRIIffiOTAL  DATA 


From  equation   (A5),    it    is    seen  that   the   values    of     Rg 
and.      5     which   correspond  to   the   airfoil  Reynolds   number    at 
transition  r.-iust   be   calculated.      A   suitable   equation  for      6 
is    obtained  by  assuming   a   Blasius   velocity  distribution 
and   integrating   the    von  Karman  moment-am  relation.      The 
following   equation  results    (reference    12); 

U   \IJ_/  Jo         V^o/  ^ 

A  more  convenient  relation  is  obtained  if  equation  (El) 
is  multiplied  by  R' 


n 


(sv/r"')^ 


u  -f -17  .--s/cy  .5.17  , 

u;    JO    v^^oy 


=  ^.5c 


The  numerical  value  of  equation  (B2)  is  a  constant  for 
any  chordwise  position  and  need  be  calculated  only  once 
for  each  position  at  vjhich  tests  are  being  conducted. 
The  critical  values  of   5   and  Rg  m.ay  be  calculated 
from  equation  (B2)  when  the  critical  Reynolds  number  R^^, 
has  been  experlm.entally  determined.   By  definition. 


but 


R 


'cr 


U 


UqC 


therefore , 

R'  =  ^^^cv  (B5) 

The  boundary- layer  thickness  is  then  obtained  by  dividing 
the  square  root  of  R',   as  determinod  from  equation  (B3)> 

into  the  constant   5\/r"'  .   In  order  to  obtain  R5,   it  is 
only  necessary  to  m.ultlply   5  by  R'.   All  tlio  variables 
in  equation  (A5)  are  now  known,  and  Ry^  may  bo  calculated, 
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APPEI^DIX   C 


DERIVATION  OF   R^^,  =  A' 


k 


.335 


then 


Since 

2 


Rv      p  t 
•^cr    --  or 


k^C.TSii    ^cr 
If  both  sides  of  equation  (El)  are  multiplied 
/ V2/^"o  \ 


(CI) 


(S^'^b^^tl^lf^  Vr        / Vf ""'.  ,3/25/2        ,      3/2 

V  u/  0.76I1  ^2    "  V  u  /■     '^^  ^^      ""        ~    -^ 


■-'o. 


but      -—5  v/k  '  i^j,      is    constant    for    any  given   chordwlsc 
position   so   that 

P/7  /    ^^^ \l.533 

/-■   '\  I     \,       --rv      J 

^cr    -  ^\^2  j  -   %     k       / 


Vifhere 

"  ~     Tj    Vo;761^7 
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TABLE    I 
COI^IMTIGNS    OF   SIZE   A:TD  CHORD/v'ISS    LOCATION   OF    PROJECTIONS 
TESTED  V;iTH    LOnf-DRAG  AIRFOILS    1   AND  2 


Lo-A'-dra 

£    airfc 

il   1 

Low-dra 

g   airfoil  2 

Chordv.'ise 

Diam. 

Height 

Chordv.'ise 

Diam. 

HeiEht 

location 

(in.) 

(in.) 

location 

(in.) 

(in.) 

0.0007c 

0.055 

O.Olj, 

0.05c 

0.055 

0.010      1 

.0007c 

.055 

.  Oo 

.05c 

.055 

.L.15 

.0007c 

.055 

.08 

.05c 

.035 

.020 

i 

1           .05c 
1           .05c 

.055 
.055 

.025 
.030      1 

0.058c 
.058c 

0.055 
.055 

0.005 
.010  i 

.056c 

.035 

.015  ! 

0.20c 

0.055 

0.010 

1 

i           .20c 
i           .20c 

.05- 
.055 

.011 
.012 

0.20c 

0.05s 

0.009 

1           .20c 

.055 

.015      i 

.20c 

.055 

.015  1 

.20c 

.055 

.020      1 

.20c 

.055 

.020 

.20c 

.055 

.025 

.20c 

.055 

.02!; 

.20c 

.055 

.050 

.20c 

.055 

.025    1 

.20c 
.20g 

.055 

.035 

.055 
.O4O 

1 

0.55c 
.55c 

0.C5S 
.055 

0.010   j 

.015  1 

.20c 

.05^ 

.050 

1 

i 

.55c 

.055 

.020 

i         0.20c 

0 .  015 

0.01^ 
.Olii 

.550 

.055 

.025 

.20c 

.015 

.20c 
i           .20c 

.015 
.015 

.015 
.016 

—  -—■*"--•'  ~~  —  — — — 

0.50c 

0.055 

0.010 

;           .20c 

.015 

.018 

.50c 

.055 

.015  ! 

1           .2Gc 

.015 

.019 

.50c 

.055 

.025  1 

:           .20c 

.015 

.021 

,^0c 

.055 

.030  i 

i           .20c 

.015 

.025 

.50c 

.055 

.OiiO   i 

i           .20c 

.015 

.025 

0.65c 

0.0^5 

0.010 

'        0.50c 

0.035 

0.020 

.65c 

.055 

.015 

1          .50c 

.055 

.025 

.65c 

.055 

.020 

j          .50c 

.055 

.030 

.65c 

.035 

.025 

1           .50c 

.055 

.05^5 

.OkO 

.65c 

.0^5 

.050 

!          .50c 

.055 

.65  c 

.055 

.055 

.0/4.0 

!               .50c 

.055 

.050 

.65  c 

.035 

J 

.65  c 

.03s 

.ol'.5 
1 
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TABLE    II 
EFFECTS    OF   UPPER -SURFACE    GROOVES    OK  DRAG   Ci-I/JiACTERISTICS 

OF   L(J/"i-DRAG   AIRFOIL    1 


tjrcove   aescription 


Remarks 


Spanwlse  groove  O.OO5  in. 
deep  and  O.OO5  in.  viride 
at    0.2 Oc 


No  measurable    increase    in 
drag    over   that    of    sraooth 
wing   for   ran"e    of  Reynolds 

nirnber    from  5    ^   1^' 

to    10.57    ^'   10^ 


Spanvjlse  groove  O.COo  in. 
deep  and  0.010  in.  wide 
at    C.2Cc 

Spanv\ri3e   grooves    O.OO8    in. 
deep   and   0.010   in.    wide 
at    0.20c   and    O.^^Sc 


Do. 


Do. 


Spanwise  grooves  O.CO8  in. 
deen  and  0.010  in.  vfide 
at  b.20c,  0.053c, 
and  O.QOc 

Spanwise  groove  O.OO9  in. 
deep  and  0,01^  in.  vide 
at  0.058c 


Do. 


Do, 


Spanz'ise    groove    O.OO9    in. 
I       deep   and   0,021   in.   v/ide 
at    0.058c 

Grooves    O.O^^C    in.    deep 
and   0.05    in.    ?;ide    in 
X-plan  form   at 
approx.    0.050c 
(see    fig.    3) 


Do, 


premature  transition  indi- 
cated by  sudden  increase 
in  drag   at    a  Reynolds 

number    of    6,9'^    x   10^ 
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TABLE    III 

SUf,:!.!ARY   OF   DRAG  RESULTS   FROr.^  TESTS    OF   LG.V-DRAG   AIRFOIL    1 

5TNISHSD  WITH   VARIOUS    GRADES    OF   SA^IDPAPER 

AID  CARBORUiroUIvi   PAPER 

[a11   tests  -.vere   made    of    low-drag   airfoil   1   at   Reynolds 
nu!n"bers   from  approxlnately  J    x   10"  to   10. 5/    x   10"^J 


Abrasive 


Chordwise 
extent  of 
r  oughne  s  s 


No.  320 
carborund-um 
paper 


No.  520 
carborundum 
paper 


0.7c  to  O.Oc 
sanded  in 
steps  as 
indicated  1 
fig-are  5 


Sanding 
strokes 


Effec 
dra 


t  on 


& 


—  ^ 


Parallel  to 
!  wind 
;  direction 


ni 


do ]  perpendicular 


No  measurable 
increase  in 
drag  over 
that  of 
smooth  v;ing 

Do. 


I 


No.    320 
carborundum 
paper 


f 
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TABLE   III    -   Concluded 


SLlIv!?.IARY   OF   DRAG  RESULTS  FROM  TESTS    -    Concluded 
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Chcrdv;ise 
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r  oughne  s  s 

Sanding 
strokes 

Effect    on 
drag 

:io.  iSo 

carborundijm 
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Complete 

surface 

Erratic 

IJo  mieasurable 
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drag   over 
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c  arb  or  undum 
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do Cross-hatched 

(see   fig.   i|.) 

Do. 

¥o.    120 
c  arb  orundiun 
paper 

do '  Circular 

;    (see   fig.   k) 
1 

Do. 

No.    li 
sandpaper 

0.7c    to   C.5c 



Perpendicular 
to  wind 
direction 

Drag    slightly 
high   at 
Reynolds 
number    of 

10.57    X   10^ 

No.    l|                 do 

sandpaper   • 

Erratic 

Do. 
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(d)  Projections  at  0.35c. 
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